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What does the Standard Model NOT explain?
What is dark matter made of and how does it interact with ordinary matter
Why there is more matter than antimatter left over from the Big Bang 
What is the real nature of the Higgs; does it play a crucial role in explaining our existence
How do neutrinos get mass; do they play a prominent role in explaining our existence
Why are the interactions of the Higgs tuned to make the quantum vacuum metastable
Why is mtop ~ 3.5 105 me- (aka how do we explain fermion mass hierarchies)
What caused a period of cosmic inflation in the first instants of the Big Bang
What is dark energy

Dark 
Energy
68%

Dark Matter
27%

Matter
5%
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Holds the Universe together and makes 
85% of all the ma-er in it! 

Energy Frontier Exploration

• should be guided/driven by the biggest mysteries in particle physics:
- The existence of Dark Matter 
- The dominance of matter over antimatter

• should utilize our best tools for the exploration:
- Visible particles and known interactions 
- Well understood mathematical structures 

• should capitalize on the recent Higgs discovery to explore new ideas
- New forces, new symmetries, new particles
- Dark sectors and portals
- Implications of the phase transition that occurred instants after the Big Bang

The search for physics Beyond the SM is the main driver of the exploration programme
as stressed in the European Strategy Briefing book:  https://arxiv.org/abs/1910.11775
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Evidence for Dark Matter

Hot plasma of hydrogen atoms and photons, 
and DM and cc

Evidence for Dark Matter

The Bullet Cluster

X-rays (hot gas)

Mass distribution 
(gravitational lensing)

Holds the Universe together and makes 
85% of all the ma-er in it! 

Dark Matter

Compelling 
evidence from 
galactic and  

cosmological 
observations 

that DM exists,  
awaiting for 
discovery

Creating/Detecting DM in the laboratory is one of the greatest challenges 
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• Couples gravitationally
• It is the most abundant form of matter
• It can be part of an extended hidden, dark sector
• It can be made of particles or compact objects

- ultralight DM is best described as wavelike disturbances (e.g axions) -
• Its mass can be anything from as light as 10−22 eV to as heavy as primordial black 

holes of tens of solar masses

What do we know about Dark Matter ?
-very li(le -

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why

13

From 
MACHOs 
searches

Too small mass
⇒ won’t “fit” 
in a galaxy!
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What do we know about Dark Matter ?
-very li(le -

• Assump/ons about early Universe 
cosmology provides some guidance

Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {

18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 

12

Thermal Equilibrium in early 
Universe narrows the viable 

mass range

• It can have weak SM charges and be part of an extended SM sector
è Weakly Interacting Massive Particles (WIMPs)

• It can belong to a Hidden Sector & interact indirectly with SM particles via a Mediator 
The mediators may be SM singlets that mix/interact with SM particles (portals) such  
as the Higgs boson, the photon or neutrinos or they may directly carry SM charges 

• It can have different type of properties with itself (e.g. collisionless, self interacting)

Explorable at accelerator-based DM searches: collider & fixed target/beam dump exp. 

Phenomenology of low mass region [MeV-GeV] thermal DM is quite different from 
Standard WIMP ==> Demands light mediator/s that in themselves are a search target 

Hidden Sector
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Dark Matter Detection Methods

Create DM at the 
Energy Fron2er

heat.
char
ge

Underground detector

It can collide with a single 
nucleus in the detector 

and be observed

Thermal freeze out at
early Universe, detect its
annihilation products now:
gamma-rays, neutrinos 
and charged cosmic rays

Marcela Carena | Energy Fron0er Workshop - Open Ques0ons and New Ideas

Annihilation

Production

Scatteringl,

,l ,l
-
l,
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• High-energy colliders could produce DM particles with masses and coupling strength 
as predicted by the thermal freeze out mechanism in controlled conditions.

• Main collider DM signature is the missing transverse momentum carried by the DM 
particle, otherwise invisible to detectors
- if mDM < mh /2 and it couples to the Higgs è effect in invisible Higgs decay width –

• Alternative signatures are the detection of mediator particles (whose exchange may 
be responsible for the annihilation processes that determine the DM abundance).

- Mediators can lead to visible signatures but be only indirect evidence of DM
- Mediators can be part of an extended Dark Sector

DM/Dark Sector Exploration at the Energy Frontier

Dark Sector dynamics not fixed by SM
à New Forces, New Symmetries and Mul6ple New States, including DM candidates

Interes/ng, dis/nc/ve phenomenology: Long-Lived Par/cles and Feebly Interac/ng Par/cles

Portal
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Relevant Electroweakino Production
and Decay at the LHC (Bino LSP)

clude coannihilation, Z-resonance annihilation , h-resonance annihilation (see, for instance,

Refs. [73–76] ). Moreover, it is easy to weaken the spin-independent direct Dark Matter

search constraints by simply concentrating on negative values of µ (see Refs. [71, 77–83]).

Though, it is worth noting that the constraints from spin-dependent Dark Matter searches

will still apply [75, 84, 85].
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FIG. 1. Representative decay topologies of electroweakino production at the LHC. Left: Direct

production channels resulting from pair producing a chargino and neutralino. Right: The Higgs

portal channel resulting from the production of a heavy neutral Higgs boson decaying to neutralino

pairs.

For the reasons discussed above, we will be mostly interested in the production of mainly

Higgsino states with negative values of µ. The spectrum will consist of two neutral Majorana

states, the second and third lightest neutralinos, and one charged Dirac state. The associated

direct production of the charged and neutral states, mediated mostly by the charged gauge

boson W
± carries the largest cross section and it is represented in Fig. 1. Since the second

and third lightest neutralinos are close in mass, provided it is kinematically allowed, they

will mostly decay into either Z or light Higgs h final states plus missing energy. The chargino

state, instead will decay into W
± and missing energy

pp ! �
±
1 + �

0
h
! W

± + Z/h+ /ET , (4)

where h = 2, 3. We will concentrate in the region of parameters where the second and third

lightest neutralino can decay into on-shell Z gauge bosons. Therefore, considering the decay

of the W
± into lepton states, the most interesting final states will be either tri-leptons plus

missing energy or pairs of bottom quarks plus one lepton plus missing energy. Considering

the decay of the W
± into hadrons, the most interesting channel is two leptons (from Z) or

two bottoms (from h) and missing energy.

7

FIG. 2. Comparison of the LO direct production cross sections of electroweakinos in the pure

Wino scenario (dashed lines) and the Bino-Higgsino scenario (solid lines) with M1 = 100 GeV and

tan� = 5, assuming that scalar superpartners are decoupled. In the former case, µ = �2 TeV and

m = M2 is varied. In the latter, M2 = 2 TeV and m = |µ| is varied.

In Fig. 2 we present the dependence of the associated production cross section as a

function of the Higgsino mass parameter µ that we take to be negative for this consideration,

and that represents the overall scale of the Higgsino masses (there is a small dependence of

the Higgsino spectrum on the sign of µ, which is however, only significant for low values of

µ, of the order of 100 GeV). We also represent, for comparison, the production of Winos,

as a function of the Wino mass parameter M2, making evident the larger cross sections

associated with these states.

The branching ratios also play an important role. The presence of two di↵erent Higgsino

states imply that their decay branching ratios will not be equal. These two Higgsino states

are close in mass, particularly for masses larger than Higgs mass, 125 GeV, for which also

the dependence on the sign of µ becomes less significant. It is therefore useful to represent

the sum of the branching ratios of the decay of the second and third lightest neutralinos into

Z and Higgs final states. These are given in Fig. 3. In each case, we calculate the branching

ratio using the code Spheno [86, 87] as functions of the parameters

8

Winos

Higgsinos

FIG. 4. The production cross-section for the process H/A ! �
0
2,3�

0
1 ! Z + 2�0

1 for higgsino-like

electroweakinos, with heavy scalar mass mA = 600 GeV and tan� = 2 , 5, 8, 10 respectively.

III. REACH OF DIRECT PRODUCTION SEARCHES OF HIGGSINO STATES

AT HIGHER LUMINOSITIES

In order to compute the reach for Higgsino states in the direct production mode, we have

considered a number of recent ATLAS studies, Ref. [7, 9, 10, 12], in which they present

bounds on the masses of charginos and neutralinos at the 13 TeV LHC for luminosities

ranging from 36 fb�1 to 139 fb�1.2 The bounds presented in these studies assume that

the electroweakino spectrum results from parameters aligned with the pure Wino scenarios

and that the corresponding branching ratios of neutralinos into either the Z boson or SM

h are 100 percent, depending on the study. We have recasted each bound including the

cross sections associated with the production of Higgsino-like states, and incorporated the

2 The CMS study shows similar sensitivities when luminosity is the same, see [5].
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Higgsinos
J. Liu, N. McGinnis, X. Wang, C.W. ‘20

Baum, Freese, Shah, Shakya’17, 
Gori, Liu, Shakya’18, Bahl, Liebler, Stefaniak’19, 
Adhikary, Bhattacherjee, Godbole, Kahan, Kulkarni’20Canepa, Han, Wang’20
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Viable WIMP DM scenario: well known examples in Supersymmetry                      

with additional R-Parity symmetry: RP = (-1) 3B+L+2S    è

DM candidate is a mixture of fermionic supersymmetric-partners of the SM EW gauge 
bosons (gauginos: winos & binos) & extended Higgs sectors (higgsinos) è EWeakinos

Making DM at the LHC ?

Direct Detection Searches:  Already probing the Higgs Portal/s
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Direct Detection of WIMPs

Current experiments are probing Higgs-exchange regime

neutrino floor:” both ν-N and ν-e contribute backgrounds 

Marching down to the Neutrino Floor

• Viable WIMP DM scenario in models with extended symmetry of nature
Fermion-Boson Symmetry è Supersymmetry 

plus R-Parity symmetry: RP = (-1) 3B+L+2S    è

• DM candidate is a mixture of fermionic supersymmetric-partners of 
the SM EW gauge bosons and extended Higgs sectors

DM

SM

SM

Can be produced @LHC in the decay of other SUSY particles (gluinos, squarks, Higgs, …)

Gluino Searches in more complicated 
Cascade Decays
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Gluino pair production

● Special focus on heavy neutralino scenarios and more complex decay chains. 

neutralino NLSP

light gravitino LSP
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Channels with cascade decays into intermediate chargino/neutralino states and 
compressed spectrum present the weakest limits, and the bound falls short of
2 TeV for non-compressed spectrum.  Bound of 2.2 TeV in the most extreme case.  
Hard to evade the TeV bound.

Gluino Searches in more complicated 
Cascade Decays
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Or via direct produc/on 

Relevant Electroweakino Production
and Decay at the LHC (Bino LSP)

clude coannihilation, Z-resonance annihilation , h-resonance annihilation (see, for instance,

Refs. [73–76] ). Moreover, it is easy to weaken the spin-independent direct Dark Matter

search constraints by simply concentrating on negative values of µ (see Refs. [71, 77–83]).

Though, it is worth noting that the constraints from spin-dependent Dark Matter searches

will still apply [75, 84, 85].
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FIG. 1. Representative decay topologies of electroweakino production at the LHC. Left: Direct

production channels resulting from pair producing a chargino and neutralino. Right: The Higgs

portal channel resulting from the production of a heavy neutral Higgs boson decaying to neutralino

pairs.

For the reasons discussed above, we will be mostly interested in the production of mainly

Higgsino states with negative values of µ. The spectrum will consist of two neutral Majorana

states, the second and third lightest neutralinos, and one charged Dirac state. The associated

direct production of the charged and neutral states, mediated mostly by the charged gauge

boson W
± carries the largest cross section and it is represented in Fig. 1. Since the second

and third lightest neutralinos are close in mass, provided it is kinematically allowed, they

will mostly decay into either Z or light Higgs h final states plus missing energy. The chargino

state, instead will decay into W
± and missing energy

pp ! �
±
1 + �

0
h
! W

± + Z/h+ /ET , (4)

where h = 2, 3. We will concentrate in the region of parameters where the second and third

lightest neutralino can decay into on-shell Z gauge bosons. Therefore, considering the decay

of the W
± into lepton states, the most interesting final states will be either tri-leptons plus

missing energy or pairs of bottom quarks plus one lepton plus missing energy. Considering

the decay of the W
± into hadrons, the most interesting channel is two leptons (from Z) or

two bottoms (from h) and missing energy.
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FIG. 2. Comparison of the LO direct production cross sections of electroweakinos in the pure

Wino scenario (dashed lines) and the Bino-Higgsino scenario (solid lines) with M1 = 100 GeV and

tan� = 5, assuming that scalar superpartners are decoupled. In the former case, µ = �2 TeV and

m = M2 is varied. In the latter, M2 = 2 TeV and m = |µ| is varied.

In Fig. 2 we present the dependence of the associated production cross section as a

function of the Higgsino mass parameter µ that we take to be negative for this consideration,

and that represents the overall scale of the Higgsino masses (there is a small dependence of

the Higgsino spectrum on the sign of µ, which is however, only significant for low values of

µ, of the order of 100 GeV). We also represent, for comparison, the production of Winos,

as a function of the Wino mass parameter M2, making evident the larger cross sections

associated with these states.

The branching ratios also play an important role. The presence of two di↵erent Higgsino

states imply that their decay branching ratios will not be equal. These two Higgsino states

are close in mass, particularly for masses larger than Higgs mass, 125 GeV, for which also

the dependence on the sign of µ becomes less significant. It is therefore useful to represent

the sum of the branching ratios of the decay of the second and third lightest neutralinos into

Z and Higgs final states. These are given in Fig. 3. In each case, we calculate the branching

ratio using the code Spheno [86, 87] as functions of the parameters
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Higgsinos

FIG. 4. The production cross-section for the process H/A ! �
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1 for higgsino-like

electroweakinos, with heavy scalar mass mA = 600 GeV and tan� = 2 , 5, 8, 10 respectively.

III. REACH OF DIRECT PRODUCTION SEARCHES OF HIGGSINO STATES

AT HIGHER LUMINOSITIES

In order to compute the reach for Higgsino states in the direct production mode, we have

considered a number of recent ATLAS studies, Ref. [7, 9, 10, 12], in which they present

bounds on the masses of charginos and neutralinos at the 13 TeV LHC for luminosities

ranging from 36 fb�1 to 139 fb�1.2 The bounds presented in these studies assume that

the electroweakino spectrum results from parameters aligned with the pure Wino scenarios

and that the corresponding branching ratios of neutralinos into either the Z boson or SM

h are 100 percent, depending on the study. We have recasted each bound including the

cross sections associated with the production of Higgsino-like states, and incorporated the

2 The CMS study shows similar sensitivities when luminosity is the same, see [5].
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Higgsinos
J. Liu, N. McGinnis, X. Wang, C.W. ‘20

Baum, Freese, Shah, Shakya’17, 
Gori, Liu, Shakya’18, Bahl, Liebler, Stefaniak’19, 
Adhikary, Bhattacherjee, Godbole, Kahan, Kulkarni’20Canepa, Han, Wang’20

Current Electroweakino Mass Bounds 
Wino NLSP BR = 1

Caveat! Wino BR’s assumed 1

e. g. Wino-like searches at Run 2
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FIG. 2: SI scattering cross section as a function of mA for tan� = 50 (up left), tan� = 30 (up

right) and tan� = 10 (down left), µ ⇠ �2M1 and tan� = 30, µ ⇠ �4M1 (down right). The red

dots are for the µ > 0 case, and blue dots are for µ < 0 case. The green shaded area are excluded by

the CMS H,A ! ⌧⌧ searches. The orange line is the LUX limit, and the blue line is the projected

Xenon 1T limit

.

is enhanced by tan �, but since µ grows together with tan �, the down-Higgsino component

is suppressed roughly by tan �. At large mA, the cross section approaches 10�13 pb�1, which

is below the atmospheric and di↵use supernova neutrino backgrounds. There are various

contributions to this asymptotic value, including squarks, incomplete cancellation of the

couplings and loop e↵ects.

We also analyze the relic density. Considering a thermally produced neutralino DM, the

annihilation cross section is too small for Bino-like DM, which leads to DM density over

abundance, while the annihilation is too e�cient for pure wino or Higgsino-like DM, which

results in under abundance unless the LSP is heavier than 1 TeV [41, 42] or 2.7 TeV [42, 43],

Dependence of the cross section on the heavy Higgs mass 
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P. Huang, C.W.’15

Destructive Interference for negative values of μ and constructive interference
for positive values of μ   (cos(2β) negative).

Close to Alignment (MSSM, mostly Bino LSP, Higgsino NLSP)

Destructive interference between h and H 
contributions for negative values of μ

Still room for a SUSY WIMP miracle

Blind Spots in Direct Dark Matter Detection

6

case, the amplitude becomes proportional to

ad ⇠
md

cos �


cos �(m� + µ sin 2�)

1

m
2
h

� µ sin � cos 2�
1

m
2
H

�
. (14)

We can do a similar exercise for a neutralino scattering o↵ an up-type quark, which gives

au ⇠
mu

sin �


sin �(m� + µ sin 2�)

1

m
2
h

+ µ cos � cos 2�
1

m
2
H

�
. (15)

Include the contributions from all quarks, including the gluon induced ones, the SI scattering

cross section can be expressed as

ap =

 
X

q=u,d,s

f
(p)
Tq

aq

mq

+
2

27
f
(p)
TG

X

q=c,b,t

aq

mq

!
mp, (16)

where f
(p)
Tu

= 0.017 ± 0.008, f (p)
Td

= 0.028 ± 0.014, f (p)
Ts

= 0.040 ± 0.020 and f
(p)
TG

⇡ 0.91 are

the quark form factors [36, 37] defined as

< p|mqqq̄|p >⌘ mpf
(p)
Tq

, f
(p)
TG

= 1�
X

f
(p)
Tq

. (17)

. Using equations (14) and (15), then the SI scattering cross section is proportional to

�
SI

p
⇠


(F (p)

d
+ F

(p)
u

)(m� + µ sin 2�)
1

m
2
h

+ µ tan � cos 2�(�F
(p)
d

+ F
(p)
u

/tan2
�)

1

m
2
H

�2
, (18)

with F
(p)
u ⌘ f

(p)
u + 2 ⇥ 2

27f
(p)
TG

⇡ 0.15 and F
(p)
d

= f
(p)
Td

+ f
(p)
Ts

+ 2
27f

(p)
TG

⇡ 0.14. The first term

denotes the contribution of the lightest Higgs and its cancellation leads to the traditional

blind spot scenarios [29]. The second term is the contribution of the heavy Higgs and as

mentioned before for values of |µ|>⇠ m� and large tan � may become of the same order as

the SM-like Higgs one.

In the above, we have used the proton scattering amplitudes to define the spin indepen-

dent scattering cross section. The result remains valid after including the neutron contri-

butions, since for a neutralino scattering o↵ a neutron the form factors are f
(n)
Tu

= 0.011,

f
(n)
Td

= 0.0273, f (n)
Ts

= 0.0447 and f
(n)
TG

=0.917 [38] and therefore F (n)
u ⇡ 0.15 and F

(n)
d

⇡ 0.14,

same as F (p)
u and F

(p)
d

.

Therefore, the tree-level scattering cross section due to the light and heavy CP-even Higgs

exchange cancel against each other when

(F (p)
d

+ F
(p)
u

)(m� + µ sin 2�)
1

m
2
h

' F
(p)
d

µ tan � cos 2�
1

m
2
H

, (19)

7

which we call generalized blind spots. Taking into account the values of F (p,n)
u and F

(p,n)
d

given above, and for moderate or large values of tan �, the blind spot can be simplified as
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m
2
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' � µ tan �
1

m
2
H

(20)

Similar to the case in which the heavy Higgs decouples, for intermediate values of mA the

suppression due to the blind spots only happens when µ < 0. This e↵ect was studied

before [30, 31, 33], and the suppression in DDMD was identified numerically from a scan of

the parameter space of the CMSSM. Our expressions provide an analytical understanding

of this phenomenon. We find out that indeed, as can be seen from Eqs. (18)–(20), negative

values of µ have two e↵ects on the scattering amplitudes : On one hand, they suppress

the coupling of the lightest neutralino to the lightest CP-even Higgs boson. On the other

hand, they lead to a negative interference between the light and heavy Higgs exchange

amplitudes. For su�ciently low values ofmA (large values of tan �) the heavy Higgs exchange

contribution may become dominant. On the other hand, for large values of mA the SM

contribution becomes dominant and the main contribution from exchange of a heavy Higgs

comes from the interference with the SM-like one and is only suppressed by 1/m2
A
.

III. NUMERICAL STUDY

To perform a numerical study of the SI scattering cross section when all sfermions are

heavy, the relevant parameters are the Bino mass M1, the Wino mass M2, the Higgsino mass

µ, the CP odd Higgs mass mA and tan �. In the following, we will concentrate on the case

in which LSP is mostly bino-like for simplicity, but the analysis can be easily generalized

to the case in which LSP is wino-like. In the traditional blind spot scenario, at moderate

or large values of tan � the blind spot condition, m� + µ sin 2� = 0, can only be satisfied if

|µ| is very large, which makes the obtention of the right thermal relic density very di�cult.

The generalized blind spots, instead, may be obtained for smaller values of |µ|, which may

be consistent with the ones necessary to obtain a thermal DM density.

In order to analyze the parameters consistent with the generalized blind spots, we first

look at the parameter space away from the traditional blind spot, µ ⇠ �2M1. We use

ISAJET [39] to calculate the spectrum and the SI scattering cross section for di↵erent

values of tan � and mA, which agrees with MicrOMEGA 2.4.5 [38] almost perfectly. We

The cross section is greatly reduced when the parameters fulfill the 
approximate relation

which at moderate or large values of tanβ reduce to

We shall call this region of parameters the “blind spot region”

P. Huang, C.W.’15

Huang, Wagner, ‘15

DM : Direct Detection Bounds

where v = 246 GeV.

The coupling of the Higgs bosons to up and down quarks are given by
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where mu and md are the up and down quark masses. In the above, we have ignored

the finite corrections to the Higgs couplings coming from the decoupling of squarks and

gluinos [55–59] since they are small in the region of parameters we are interested in, where

|µ| is much smaller than the squark and gluino masses.

In the region of parameters we are investigating, the cross section for SI direct detection

is controlled predominantly by the exchange of the Higgs bosons. Also including the

approximate contributions due to heavy squarks and taking the limit m
2
e�0
1
⌧ µ

2 for a

predominantly bino-like LSP, the SI cross section for the scattering of DM o↵ protons is

given by (similar expression holds for scattering o↵ neutrons) [42, 51, 54]
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It is hence clear that the cross section is reduced for negative values of µ ⇥ me�0
1
,

where we shall assume me�0
1
' M1 to be positive, where M1 is the bino mass parameter.

Consequently, while positive values of µ tend to lead to conflict with the current bounds

from the PandaX, XENON1T and LUX experiments, negative values of µ easily lead to

consistency with these constraints in the large tan� regime. Depending on the values of

the neutralino mass, the heavy Higgs boson mass, the squark masses and tan�, the SI

cross section may be close to the current bound, or may be e�ciently suppressed in the

proximity of blind spots that occur when [42, 51, 54]
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from the PandaX, XENON1T and LUX experiments, negative values of µ easily lead to

consistency with these constraints in the large tan� regime. Depending on the values of
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5

FIG. 2. 90% CL upper limits on WIMP-neutron (top) and
WIMP-proton (bottom) cross section. Results from this anal-
ysis are shown in thick black (“LUX WS2013+WS2014–16”),
with the range of expected sensitivity indicated by the green
(1-�) and yellow (2-�) bands. Solid gray curves show the
previously published LUX WS2013 limits [13]. Constraints
from other LXe TPC experiments are also shown, includ-
ing XENON100 [26] and PandaX-II [27]. In the top panel,
model-dependent (axial-vector mediator with indicated cou-
plings) LHC search results are represented by dashed lines,
with CMS [28] in light blue, and ATLAS [29] in dark blue. As
calculated by a new profile likelihood scan of the MSSM7 [30],
favored parameter space is shown as dark (1-�) and light (2-�)
peach regions; an earlier calculation using the MSSM-15 [31]
is shown in gray, with analogous shading of confidence lev-
els. In the bottom panel, the DAMA allowed region (as in-
terpreted in [32]) is shown in pink (the analogous neutron-
only region is above the bounds of the plot). Such an in-
terpretation is in severe tension with this result, as well as
the PICO-2L [33] and PICO-60 [34] constraints. Selected lim-
its from indirect searches at neutrino observatories (Super-
Kamiokande [35] and IceCube [36]) are plotted as dashed lines.

FIG. 3. 90% CL exclusions on coupling parameters an and
ap for 50 GeV c�2 and 1000 GeV c�2 WIMPs. Ellipse bound-
aries are colored as in Fig. 2 : this result (thick black), LUX
WS2013 (gray), PandaX-II (purple), and PICO-60 (blue).
Geometrically, Eq. 4 describes a rotated ellipse when the sum
is performed over multiple isotopes with distinct �A

p /�
A
n , as

is the case for LXe experiments. PICO-60 considers only
19F (for which hSni ⇠ 0), and thus sets limits only on ap.
The innermost region (bounded by LUX and PICO-60) repre-
sents parameter space not in tension with experimental data.
The model-dependency of the LHC results is apparent in this
plane, as the CMS excluded region (shown as a green band)
is restricted to the an = ap line (see main text for important
caveat). This line is absent from the lower panel since, in this
treatment, CMS is insensitive to WIMPs at the TeV mass
scale. MSSM7 favored regions from the GAMBIT scan are
also shown, with a red contour at the 2-� level for visibility.
The degeneracies assumed in the MSSM7 Lagrangian lead to
the tight correlation between an and ap. This scan includes a
range of possible WIMP masses (unlike the mass-specific ex-
perimental exclusions), and thus appears identically in each
panel, noting the change in axis scale. Additionally, the scans
include models with sub-dominant relic densities, for which
experimental limits are rescaled accordingly.

Finally, Eq. (3.12) shows a strong dependence of the SI cross section with the value of |µ|,

a behavior that is related to its dependence on the square of the Higgsino components.

The spin dependent (SD) cross section, instead, depends only on the coupling to the

Z [60, 61], and hence to the di↵erence of the squares of the up and down Higgsino compo-

nents. From the expression given in Eq. (3.6), one can see that

�
SD

/
m

4
Z

µ4
cos2(2�) , (3.14)

where we have again assumed that µ
2
� m

2
e�0
1
. Hence, in the large tan� regime and

for |µ| su�ciently large, the SD cross section is suppressed by four powers of µ, without

any other strong parametric suppression. This behavior should be contrasted with the SI

cross section which, in spite of its overall suppression by only two powers of µ, may be

further suppressed due to a reduction of the neutralino coupling to the 125 GeV Higgs

boson together with interference e↵ects. As we will show, for negative values of µ, and

|µ| su�ciently large to avoid the SD cross section limits, the SI cross section tends to be

below the current experimental bounds on this quantity. However, it can come closer to

the current limits depending on the precise value of tan� and mH .

4 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon is a very relevant quantity since it may be

measured with great precision and is sensitive to physics at the weak scale. The theoretical

prediction within the SM may be divided in four main parts

aµ = a
QED
µ + a

EW
µ + a

had
µ (vac. pol.) + a

had
µ (� ⇥ �) , (4.1)

where aµ ⌘ (gµ � 2)/2. The first term a
QED
µ represents the pure electromagnetic contri-

bution, and is known with great accuracy, up to five loop order [62]. The second term

denotes the electroweak contributions, which are known at the two-loop level, and are

about (153.6±1.)⇥10�11 [63]. The hadronic contributions contain the largest uncertainty

in the determination of aµ. While the vacuum polarization contributions can be extracted

from the scattering process of e+e� to hadrons and are of order of (7⇥ 10�8 [64–66]), the

so-called light by light contributions ahadµ (� ⇥ �) cannot be related to any observable and

have to be estimated theoretically. These are estimated to be about 105⇥ 10�11 [67] and

hence of the order of the electroweak contributions.

Overall, the theoretical calculation of aµ in the SM [68] di↵ers from the result measured

experimentally at the Brookhaven E821 experiment [69] by

�aµ = a
exp
µ � a

theory
µ = 268(63)(43)⇥ 10�11

, (4.2)

where the errors are associated with the experimental and theoretical uncertainties, respec-

tively. The discrepancy, of order 3.5�, is of similar size as the electroweak contributions

and hence can be potentially explained by new physics at the weak scale. The E821 exper-

imental result will be tested by the upcoming Muon g � 2 Experiment at Fermilab [70].
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Blind Spot :

Cheung, Hall, Pinner, Ruderman’12, Huang, C.W.’14, Cheung, Papucci, Shah, Stanford,Zurek’14, Han,Liu,Mukhopadhyay,Wang’18

µ⇥m�̃0 < 0

m�̃0 ' M1

4

of parameters, the amplitude from light Higgs exchange and heavy Higgs exchange exactly

cancel against each other, which we call generalized blind spots, since they provide a more

general version of the ones previously discussed in the literature, that are present for very

large values of the non-standard Higgs masses.

H,h

χ
0

χ

q q

0

FIG. 1: Feynman diagram for a neutralino scattering o↵ a heavy nucleus through a CP-even Higgs

First consider a neutralino scattering o↵ a down-type quark. As stated above, the am-

plitude associated with the heavy, non-standard Higgs exchange is enhanced by tan �. At

the tree level, the down-quarks only couples to the neutral Hd component of the Higgs. The

CP-even Higgs mass eigenstates can be expressed in terms of the gauge eigenstates as

h =
1
p
2
(cos↵ Hu � sin↵ Hd) (1)

H =
1
p
2
(sin↵ Hd + cos↵ Hu). (2)

Therefore, the down-quark contribution to the SI amplitude is proportional to

ad ⇠
md

cos �

✓
� sin↵ g��h

m
2
h

+
cos↵ g��H

m
2
H

◆
. (3)

Given the interactions

L � �
p
2g0YHuB̃H̃uH

⇤
u
�
p
2gW̃ a

H̃ut
a
H

⇤
u
+ (u $ d) (4)

and the decomposition of a neutralino mass eigenstate

�̃ = Ni1 B̃ +Ni2 W̃ +Ni3 H̃d +Ni4 H̃u, (5)
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Direct Detec(on Blind Spots also in extended Higgs Sectors 

Three-way cancellation 
between the hs, h and 

H contributions

assumed 90% 
composi/on

Contributions to the SI cross section

A SM-like Higgs would have couplings that vanish when

m� ' ±µ sin(2�).
The plus and minus signs correspond to the cases in which

the neutralino is Bino-Higgsino or Singlino-Higgsino admixtures.

Huang and C.W. ‘ 14, Cheung, Papucci, Shah, Zurek ‘ 15
Badziak, Olechowski, Pokorski ‘15

Baum, Carena, Shah, C.W.. to appear
Blind Spots, hard to probe in Direct 

DM detection experiments

Baum, M.C. Shah, Wagner ‘18

S~

Mostly singlino DM

Yields observed DM thermal relic abundance and it could be observed at the LHC

Models with additional Higgs doublets and singlets plus fermionic dark matter
opens up new possibilities: e.g. Singlet SUSY extensions of the SM

B~

SM Higgs yields dominant 
contribu/on  AND
New Bino-Singlino well 
tempered region for
relic density

Mostly bino DM
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WIMP Collider Reach: LHC, HL-LHC and Beyond

ATLAS recast by Liu, McGinnis, Wang, Wagner ‘20 

Bino-Higgsino HL-LHC sensitivity for 
μ < 0, DD blind spot/smaller σ region 

Coverage: Wino vs Higgsino NLSP çè larger vs smaller cross sections at LHC

Bino-Wino sensitivity at colliders
(blind spot region still depend on Higgs 
sector interplay and μ) 8.3. SUPERSYMMETRY 123
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95% CL exclusion

Wino-like cross-sectionsLHC 36/fb, 13 TeV
HL-LHC 3/ab, 14 TeV (3L search)
HL-LHC compressed 3/ab, 14 TeV
HE-LHC 15/ab (projection)
HE-LHC compressed 15/ab (projection)

, 0.5/ab500ILC
, 1/ab1000ILC

, 2.5/ab1500CLIC
, 5/ab3000CLIC

FCC-hh (3L search, 3/ab)

Fig. 8.9: Exclusion reach for Wino-like lightest chargino (c̃±
1 ) and next-to-lightest neutralino

(c̃0
2 ) from hadron and lepton colliders.

to
p

s/2 for Dm as low as 0.5 GeV, while CLIC1500 and CLIC3000 allow a reach up to 650 GeV
and 1.3 TeV, respectively [454]. Monojet searches at hadron colliders can again complement
the reach for scenarios with small Dm [443]. The soft decay products of the NLSP are not re-
constructed and the sensitivity solely depends on the production rate of EWkinos in association
with an ISR jet. The reach of different colliders are illustrated by the hatched areas of Fig. 8.10
for an indicative Dm < 1 GeV. The sensitivity deteriorates at larger Dm, due to the requirements
on additional leptons or jets. No attempt is made to evaluate this loss here, which is expected
to become relevant for Dm ⇡ 5 GeV and above. Prospects for ep colliders (LHeC and FCC-eh)
performed using monojet-like signatures [139] are also shown in Fig. 8.10.

A special case arises when the lightest neutralino is either pure Higgsino or Wino. The
chargino-neutralino mass splitting is around 340 MeV and 160 MeV respectively, and the
chargino has a correspondingly long lifetime, which can be as large as several picoseconds.
The value of pmiss

T is small unless the pair-produced EWkinos recoil against an ISR jet. Taking
advantage of the long lifetime of the charginos, which can result in decays in the active volume
of the tracker detector, searches for disappearing charged tracks can be performed at hadron
colliders [443]. As an example, at the HL-LHC, studies using simplified models of c̃±

1 produc-
tion lead to exclusions of chargino masses up to mc̃±

1
= 750 GeV (1100 GeV) for lifetimes of

1 ns for the Higgsino (Wino) hypothesis. When considering the lifetimes corresponding to the
chargino-neutralino mass splittings given above (leading to thermal relic dark matter candidates
and referred to as pure Higgsino and pure Wino, respectively), masses up to 300 (830) GeV can
be excluded. The reach for all facilities is illustrated in Sect. 8.5. Analyses exploiting displaced
decays of the charged SUSY state have been studied also for lepton colliders, e.g. CLIC3000
(using charge stub tracks [345]), and for ep colliders (using disappearing tracks [458]).

• Compressed SUSY demands hadron colliders 
exploi4ng low-momentum leptons, recoiling 
against an ISR jet.

• Lepton colliders have reach up to kin. limit 

BR = 1 !!!
HL-LHC

HL-LHC has 
Discovery poten/al 

with respect to RUN 2 
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WIMP Standard Candles: Pure Wino or Higgsino DM
Production Scattering

Marcela Carena | Energy Fron0er Workshop - Open Ques0ons and New Ideas

Being broadly probed by Direct and Indirect detection as well as Collider experiments 
• Thermal abundance requires Wino (Higgsino) 

mass of about  2.9 (1.1) TeV

@ Lepton Colliders: Reach close to kinematic limit   
plus precision measurements extended reach          

Projected Wino Limits

Disappearing
Tracks

A promising search mode is for 
so-called “disappearing tracks”

The mass splitting is so small 
that the long-lived track 
essentially vanishes.
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Indirect

FCC-hh

FCC-eh

HE-LHC

HL-LHC

CLIC3000

ILC

FCC-ee & CLIC380

CEPC

Pure Wino

2�, Disappearing Tracks
2�, Indirect Reach

ThermalPreliminary

@ Hadron Colliders: 
Disappearing tracks

EweaKinos in loop modify propagators:

DM: Classic WIMPs  
■  Two “extremes”, pure Wino, pure Higgsino 

◆  Main “tools”: disappearing track, propagator modifications 

May 16, 2019 PPG: BSM physics  27 
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

tainty from pQCD (hadronic inputs). Subleading cor-
rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

�D

SI . 10�48 cm2 (95%C.L.) . (5)

We may also evaluate matrix elements in the nf =
4 flavor theory. Figure 3 shows the results as a func-
tion of the charm scalar matrix element. Cancella-
tion for the doublet is strongest near matrix element
values estimated from pQCD. Direct determination
of this matrix element could make the di↵erence be-
tween a prediction and an upper bound for this (al-
beit small) cross section.

Previous computations of WIMP-nucleon scatter-
ing have focused on a di↵erent mass regime where
other degrees of freedom are relevant [14], or have

neglected the contribution c(2)g from spin-2 gluon op-
erators [2]. For pure states, this would lead to an
O(20%) shift in the spin-2 amplitude [25], with an
underestimation of the perturbative uncertainty by
O(70%). Due to amplitude cancellations, the result-
ing e↵ect on the cross sections in Fig. 2 ranges from
a factor of a few to an order of magnitude.

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0

� M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

Consider a mixture of Majorana SU(2)W singlet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 , with

had
pert

doublet

triplet

20 40 60 80 100 12010-51

10-50
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10-47

hN |mcc̄c|Ni (MeV)

�
S
I
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2
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FIG. 3: SI cross sections for low-velocity scattering on
the proton, evaluated in the nf = 4 flavor theory as a
function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

respective masses MS and MD. The heavy-particle
lagrangian is given by (1), where hv = (hS , hD1 , hD2)
is a quintuplet of self-conjugate fields. The gauge
couplings are given in terms of Pauli matrices ⌧a,

T a =

0

B@
0 · ·

·
⌧
a

4
�i⌧

a

4

·
i⌧

a

4
⌧
a

4

1

CA� c.c. , Y =

0

B@
0 · ·

· 02
�i12
2

·
i12
2 02

1

CA . (6)

The couplings to the Higgs field and residual mass
matrix are respectively given by

f(H) =
g21
p
2

0

B@
0 HT iHT

H 02 02

iH 02 02

1

CA+

"
iH ! H

1 ! 2

#
+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

where Mref is a reference mass that may be conve-
niently chosen. Upon accounting for masses induced
by EWSB, we may present the lagrangian in terms of
mass eigenstate fields and derive the complete set of
heavy-particle Feynman rules; e.g., the Higgs-WIMP
vertex is given by ig22/

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

2 and � ⌘ (MS�MD)/2. We may
also consider a mixture of Majorana SU(2)W triplet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 . Ex-
plicit details for the construction of the EFT for these
heavy admixtures can be found in [4].
Upon performing weak-scale matching [4] and map-

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0

� mW , im-
plies that the partner state contributes at leading

Sources detailed in backup slides.

Projected Higgsino Limits
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [483] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [484] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [443, 485]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [139]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [486]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139, 448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].
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Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
1 and

fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-

5σ observation is 5–10% 
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139, 448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].
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Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139, 448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].
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Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139, 448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].
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Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
1 and

fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-

1st and 2nd
generation

Future collider searches of gluinos and stops 
(in particular FCC-hh) will be powerful probes 
on the role of naturalness in the Higgs sector
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ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
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All Colliders: Top squark projections
(R-parity conserving SUSY, prompt searches)
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(**) extrapolated from FCC-hh prospects

� indicates a possible non-evaluated loss in sensitivity

Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139, 448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].
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Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
1 and

fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-
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ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
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(**) extrapolated from FCC-hh prospects

� indicates a possible non-evaluated loss in sensitivity

Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139, 448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].
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Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
1 and

fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-
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Exploring extended Higgs sectors (in SUSY & beyond)
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Additional Higgs Particles expected in most scenarios to explain what is not yet 
explain by the Standard Model
è SUSY and other BSM theories with clear signals at colliders and 
additional Higgs Singlets: hS,AS,  and Doublets: H, A, H+-, some mixing with SM-like h 

Additional Higgs Particles expected in most scenarios
to explain what is not yet explain by the Standard Model

Depending on the  values of  μ and tanβ different search strategies must be applied.

Heavy Higgs Bosons :  A variety of decay Branching Ratios
Carena, Haber, Low, Shah, C.W.’14

Heavy Supersymmetric Particles

At large tanβ, bottom and tau decay modes dominant.
As tanβ decreases decays into SM-like Higgs and wek bosons become relevant
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FIG. 5: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 10 and for different values

of the Higgsino mass parameter µ.

the width beyond the bottom-quark and tau-lepton ones, the hZ channel being the most

relevant one. As we discussed before, this is in sharp contrast with what happens in the

heavy CP-even Higgs boson, for which at mA ! 300 GeV the BR(H → ττ) is only of a few
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FIG. 7: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 4 different values of the

Higgsino mass parameter µ.

are displayed in Fig. 8 with the values of At defined in the on-shell scheme. Observe that

for the mhalt scenario larger values of mQ are necessary for smaller values of µ. On the

contrary, in the mhmod scenario, larger values of mQ are obtained for larger values of µ. The
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relevant one. As we discussed before, this is in sharp contrast with what happens in the

heavy CP-even Higgs boson, for which at mA ! 300 GeV the BR(H → ττ) is only of a few
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are displayed in Fig. 8 with the values of At defined in the on-shell scheme. Observe that

for the mhalt scenario larger values of mQ are necessary for smaller values of µ. On the

contrary, in the mhmod scenario, larger values of mQ are obtained for larger values of µ. The
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Exploring extended Higgs sectors (in SUSY & beyond)

Marcela Carena | Energy Frontier Workshop - Open Questions and New Ideas

Additional Higgs Particles expected in most scenarios to explain what is not yet 
explain by the Standard Model
è SUSY and other BSM theories with clear signals at colliders and 
additional Higgs Singlets: hS,AS,  and Doublets: H, A, H+-, some mixing with SM-like h 

Additional Higgs Particles expected in most scenarios
to explain what is not yet explain by the Standard Model

Depending on the  values of  μ and tanβ different search strategies must be applied.

Heavy Higgs Bosons :  A variety of decay Branching Ratios
Carena, Haber, Low, Shah, C.W.’14

Heavy Supersymmetric Particles

At large tanβ, bottom and tau decay modes dominant.
As tanβ decreases decays into SM-like Higgs and wek bosons become relevant
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Higgs Searches in extended Higgs sectors

Marcela Carena | Energy Frontier Workshop - Open Questions and New Ideas
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compatible with a strong first-order EW phase transition.

poses, Fig. 8.11 shows an example of the region compatible with a two-step phase transition,
where the singlet supports the Higgs in delivering a strong first-order phase transition [463].
Strongly first-order phase transitions are particularly interesting as they could also lead to size-
able gravitational wave signals at future experiments like LISA, linking discoveries at Earth-
based colliders with space interferometry (see Chapter 7). The case of a light singlet scalar,
with mass lower than 125 GeV, is discussed extensively in the section on feebly interacting
particles 8.6.
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Another common extension of the SM Higgs sector is the addition of a second SU(2)
doublet, which naturally appears in supersymmetric extensions of the Higgs sector or in models
with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two
CP-even scalars h and H, one CP-odd scalar A and a charged scalar H±. The direct mass reach
of lepton colliders for these scalars is generally close to
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Direct and indirect 
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pp → bbH0/A → bbττ (large tanβ) 
pp → bbH0/A → ttbb (int. tanβ) 
pp → ttH0/A → tttt (low tanβ) 

pp → btH± → bbτν 
pp → btH± → tbtb 

H0/A: exclusion limits > 5 TeV  
 (20 TeV at low tan β) 

H±: exclusion limits ~10 - 15 TeV 

Hadron 
colliders 
LHC+HL-LHC FCC-hh FCC-hh 

Indirect info also probes 
additional h bosons 
(e.g. κb~mZ
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Many BSM theories allow for composite Higgs Boson/s

Marcela Carena | Energy Frontier Workshop - Open Questions and New Ideas

Higgs Boson itself could be a Composite Particle

Inspired by pions in QCD 
Higgs as a PNGB

Higgs is light because is a kind of pion of a new 
strongly interacting confining Composite Sector 

Mass protected by the global symmetries

Mass generated at one loop: explicit breaking of 
global symmetry due to SM couplings

Composite-sector characterized 
by a coupling  g* ≫ gSM and a 

confinement scale m*
m* controls the masses of the 
new vector-like fermion and 
gauge boson resonances

m* sets the scale of EFT operators 
that describe at low energy the indirect 

effects of Higgs compositeness
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

Higgs Compositeness? 

May 16, 2019 PPG: BSM physics  10 
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Exclusion reach on EWSB and New Resonances
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.

��-��� ��-��� ������ ������ ������� ������� �������� �������� ���� ���-�����-��/		/�	



�

�


��





��

��

��




�

�



�/
� �

[�
��

]

�
�

Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

Reach on Composite Higgs Model Parameters
From probes of operators in the EFTCH and 

direct resonance searches

m*[TeV]

Reach to New Vector Bosons
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Fig. 8.2: Exclusion reach of different colliders on the two-fermion/two-boson contact inter-
actions from the operator OW and OB. The blue bars give the reach on the effective scale
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pcB), where cW,B are the Wilson coefficients of the

corresponding operators and the gauge couplings come from the use of the equations of motion.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.

Representa/ve Z’ example with 
Hypercharge charges to SM par/cles 

And free parameter coupling gZ’

Direct Z’ searches overlaid with 
indirect sensitivity to the O2B

operator in the SM EFT

Higgs Compositeness scale, 2σ reach

Test size of H up 
to inverse 

distances of 
order 10-20 TeV
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Back to Dark Sectors and Mediators
Mediators can come in many ways:
One can consider Simplified Models, e.g. simplest case only includes a Dark Sector with a 
Mediator and a DM candidate ==> four param models: mMed, mDM, gDM, gq (Med. Couplings)

Mediators can have masses larger or smaller than the DM candidate mass
Recall:  If thinking about Light DM (sub GeV), and to achieve the observed relic density under 
standard cosmology assumptions è a “light” mediator, singlet under SM gauge interactions

Mediators can decay to LDM or to SM particles through portal couplings

8.6. FEEBLY-INTERACTING PARTICLES 133

have not been detected because they interact too feebly with SM particles. These particles
would belong to an entirely new sector, the so-called hidden or dark sector. While masses and
interactions of particles in the dark sector are largely unknown, the mass range between the
MeV and tens of GeV appears particularly interesting, both theoretically and experimentally,
and is the subject of this section.

An important motivation for new physics in this mass range is DM (see Chapter 9), which
could be made of light particles, with either a thermal or non-thermal cosmological origin. Ther-
mal DM in the MeV–GeV range with SM interactions is overproduced in the early Universe
and therefore viable scenarios require additional SM neutral mediators to deplete the overabun-
dance [491–496]. These mediators, which must be singlets under the SM gauge symmetry, can
lead to couplings of feebly-interacting particles to the SM through portal operators.

8.6.1 The formalism of portals
Portals are the lowest canonical-dimension operators that mix new dark-sector states with gauge-
invariant (but not necessarily Lorentz-invariant) combinations of SM fields. Following closely
the scheme used in the Physics Beyond Colliders study [361], four types of portal are consid-
ered:

Portal Coupling
Vector (Dark Photon, Aµ ) � e

2cosqW
F 0

µnBµn

Scalar (Dark Higgs, S) (µS +lHSS2)H†H
Fermion (Sterile Neutrino, N) yNLHN

Pseudo-scalar (Axion, a) a
fa

Fµn F̃µn , a
fa

Gi,µnG̃µn
i ,

∂µ a
fa

ygµg5y

Here F 0
µn is the field strength for the dark photon, which mixes with the hypercharge field

strength Bµn ; S is the dark Higgs, a new scalar singlet that couples to the SM Higgs doublet H;
and N is a heavy neutral lepton (HNL) that couples to the SM left-handed leptons. These three
cases are the only possible renormalisable portal interactions. While many new operators can
be written at the non-renormalisable level, a particularly important example is provided by the
axion (or axion-like) particle a that couples to gauge and fermion fields at dimension five.

8.6.2 Experimental sensitivities
The portal framework is used to define some benchmark cases, for which sensitivities of dif-
ferent experimental proposals are evaluated and compared with each other. Unless otherwise
stated, all limits presented in this section correspond to 90% CL, since the majority of the liter-
ature has been using this standard.
Vector portal
New light vector particles mixed with the photon are not uncommon in BSM models containing
hidden sectors, possibly related to the DM problem. The parameters describing this class of
models are e , aD, mA0 and mc , where e is the mixing parameter between the dark and ordinary
photon; aD = g2

D/4p is the coupling strength of the dark photon with DM; and mA0 and mc
are the dark photon and DM particle mass, respectively. The study of experimental sensitivities
at future colliders is performed in the plane of e versus mA0 , assuming aD to be negligible
with respect to e . It is important to note that only minimal Dark Photon models have been

PBC report, arXiv:1901.09966

Feebly Interac/ng Par/cles are of interest in their own and its presence has been large 
unexplored experimentally

Marcela Carena | Energy Fron0er Workshop - Open Ques0ons and New Ideas20 22



Simplified DM-Mediator Models
Simplified models are useful toy models to compare the reach of Colliders* with that of 
Direct Detec/on and Indirect Detec/on experiments (many caveats!) arXiv:1603.04156

150 CHAPTER 9. DARK MATTER AND DARK SECTORS
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Fig. 9.4: Top: Comparison of projected limits from future colliders with constraints from cur-
rent and future DD experiments on the spin-independent WIMP–nucleon scattering cross sec-
tion in the context of a simplified model where a scalar particle with unit couplings mediates
the interaction between SM fermions and Dirac fermionic DM. Collider limits are shown at
95% CL and direct detection limits at 90% CL. Bottom: comparison of a selection of projected
limits from future colliders with constraints from current and future indirect detection experi-
ments in the context of a simplified model where a pseudoscalar particle with unit couplings
mediates the interaction between SM fermions and Dirac fermionic DM. All limits are shown
at 95% CL. In both figures, collider searches and DD experiments exclude the areas above the
curves [585, 586].

*LHC limits hold exclusively for the mediator under investigation and the specific choices of the couplings

Collider vs DD Collider vs ID

If a vel.-av. annih. σ value is obtained from a Med.-DM mass pair reachable by LHC, that σ value considered at LHC reach

Future collider exp. are well suited to explore mediator models decaying to LDM candidates, 
as well as possibly reaching mDM up to a TeV from decays of multi-TeV- mass mediators. 

Good complementarity in the  10 GeV and 1 TeV mass range ==> could shed light on the 
nature of a DM candidate at reach in the next decades. 

the partial widths are given by

���̄
vector =

g2DMMmed

12⇡
(1� 4zDM)1/2 (1 + 2zDM) , (2.3)

�qq̄
vector =

g2qMmed

4⇡
(1� 4zq)

1/2 (1 + 2zq) , (2.4)

where zDM,q = m2
DM,q/M

2
med and the two di↵erent types of contribution to the width vanish

for Mmed < 2mDM,q. The corresponding expressions for the axial-vector mediator are

���̄
axial-vector =

g2DMMmed

12⇡
(1� 4zDM)3/2 , (2.5)

�qq̄
axial-vector =

g2q Mmed

4⇡
(1� 4zq)

3/2 . (2.6)

2.2 Scalar and pseudo-scalar models

The two models with a spin-0 mediator � are described by

Lscalar = �gDM��̄�� gq
�
p
2

X

q=u,d,s,c,b,t

yq q̄q , (2.7)

Lpseudo-scalar = �igDM��̄�5�� igq
�
p
2

X

q=u,d,s,c,b,t

yq q̄�5q , (2.8)

where yq =
p
2mq/v are the SM quark Yukawa couplings with v ' 246 GeV the Higgs vac-

uum expectation value. These interactions are again compatible with the MFV hypothesis.

In these models, there is a third contribution to the minimal width of the mediator,

which arises from loop-induced decays into gluons. For the scalar mediator, the individual

contributions are given by

���̄
scalar =

g2DMMmed

8⇡

�
1� 4z2DM

�3/2
, (2.9)

�qq̄
scalar =

3g2q y
2
q Mmed

16⇡

�
1� 4z2q

�3/2
, (2.10)

�gg
scalar =

↵2
s g

2
qM

3
med

32⇡3v2
��fscalar(4zt)

��2 , (2.11)

while the corresponding expressions in the pseudo-scalar case read

���̄
pseudo-scalar =

g2DMMmed

8⇡

�
1� 4z2DM

�1/2
, (2.12)

�qq̄
pseudo-scalar =

3g2q y
2
q Mmed

16⇡

�
1� 4z2q

�1/2
, (2.13)

�gg
pseudo-scalar =

↵2
s g

2
qM

3
med

32⇡3v2
��fpseudo-scalar(4zt)

��2 . (2.14)

Here the form factors take the form

fscalar(⌧) = ⌧


1 + (1� ⌧)arctan2

✓
1

p
⌧ � 1

◆�
, (2.15)

fpseudo-scalar(⌧) = ⌧ arctan2
✓

1
p
⌧ � 1

◆
. (2.16)

– 3 –
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Feebly Interacting Particles at Accelerator-based experiments

FIPs: Vector Portal (Dark Photon) 

May 16, 2019 PPG: BSM physics  35 

Beam dump expts: very low 
couplings at very low masses

LHCb: D*0 ⟶ D0  e+ e– 
& pp ⟶ Aʹ ⟶ µ+µ–  

FASER & 
MATHUSLA

HL-LHC: pp→Aʹ→µ+µ–  

FCC-hh 
Aʹ→µ+µ–  

CePC FCC-ee 

ILC 

LHeC 
FCCeh 

ee→Aʹγ→µ+µ–γ  

Portals allow to identify common grounds to compare many machines/experiments

Dark Photon Portal: visible decays

C. Vallée, EPPSU Granada WS, May 2019 Beam Dumps experimental perspective 16

Worldwide prospects

Current limits

Dark Photon visible mode

• Most studied in the past
• Current limits still dominated by old projects
• Strong revived worldwide competition to 

NA62++, AWAKE++ and FASER for this channel
• Unique reach of SHiP at high mass/low coupling

CERN prospects

Schematic 
diagram

HL-LHC, ILC(250+500), CEPC
FCC-ee, FCC-eh, FCC-hh, have 
unique coverage in the high-
mass range (> 10 GeV) down 
to ε ∼ 10-4

Interesting complementarity 
between future collider exp., 
covering high mass/large coupling
regime, and FASER* plus beam-
dump exp., covering low-mass, 
very low coupling regime. 

Marcela Carena | Energy Fron0er Workshop - Open Ques0ons and New Ideas

*Faser2 can be part of a new facility (cavern for Forward Physics Facility) opening new   
opportunities for LLP, DM, Dark Sectors, Neutrinos and more
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Feebly Interacting Particles at Accelerator-based experiments
Portals allow to identify common grounds to compare many machines/experiments

Dark Higgs Portal (mS > mDM; secluded annih.)
Schematic 
diagram

8.6. FEEBLY-INTERACTING PARTICLES 135

H†H operator of the SM. The minimal scalar portal model operates with one extra singlet field
S and two types of couplings, µ (or sinq ) and lHS [353]. The coupling constant lHS leads to
pair-production of S but cannot induce its decay, which requires a non-vanishing sinq . This
portal has several theoretical motivations. The new scalar can generate the baryon asymmetry
of the Universe [512] and play the role of mediator between SM particles and light DM in
case of secluded annihilations (cc ! ff , where c is the light DM particle and f the light
scalar mediator) [513]. It can also address the Higgs fine-tuning problem (via the relaxion
mechanism [514]), which generically leads to relaxion-Higgs mixing [515] and provides an
alternative baryogenesis mechanism [516] and a DM candidate [517, 518].

The experimental sensitivities are shown in Fig. 8.17. Shaded grey areas are already ex-
cluded, as detailed in Ref. [361]. The low-mass (< 10 GeV, see Chapter 9), low-coupling range
is optimally covered by SHiP at the Beam Dump Facility and MATHUSLA200. FASER2, with
3 ab�1 will explore the region above few GeV compatible with that of CODEX-b. MATH-
USLA200 has a unique reach in the high-mass and very low-coupling regime. Vertical lines
correspond to the bounds on the Higgs/dark-Higgs quartic coupling lHS and on m2

S/v2 from the
projections for the untagged-Higgs at future colliders [39] (see discussion in [519]). The mass
range above a few GeV can be explored also by CLIC and LHeC/FCC-eh using the displaced-
vertex technique. The large-coupling regime is covered by e+e� colliders using the recoil
technique (e+e� ! ZS) or running at the Z-pole, via the process e+e� ! Z ! S`+`�.

Fig. 8.17: Exclusion limits for a Dark Scalar mixing with the Higgs boson. LHeC, FCC-eh,
CLIC (all stages) curves and the vertical lines correspond to 95% CL exclusion limits, while all
others to 90% CL exclusion limits. See text for details.

In the limit of small mixing angle, one can bound the Higgs/dark-Higgs quartic coupling lHS
via the Higgs invisible width, which is naturally expected to satisfy the relation lHS . m2

S/v2.
In Table 8.3 projections for the constraints on lHS and the scalar mass for various future collider
options are provided.C. Vallée, EPPSU Granada WS, May 2019 Beam Dumps experimental perspective 18

Millicharged Particles Dark Scalars
mA’ = 0

Strong competition of milliQan
to a long run of NA64++(ʅ).

A short term few-months run 
could still be of interest for (g-2)ʅ

Complementary reach of projects
in term of couplings.

Mass reach fixed by meson masses

e+e- colliders using 
recoil (e+e- à ZS) or
running at Z -pole (e+e-

àZàS l+l- ) 

Bound Higgs/dark Higgs coupling from 
Higgs invisible width
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Feebly Interacting Particles at Accelerator-based experiments
Portals allow to identify common grounds to compare many machines/experiments

Pseudo Scalar Portal ( Axions, ALPS)

FIPs: Vector Portal (Dark Photon) 
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Beam dump expts: very low 
couplings at very low masses

LHCb: D*0 ⟶ D0  e+ e– 
& pp ⟶ Aʹ ⟶ µ+µ–  

FASER & 
MATHUSLA

HL-LHC: pp→Aʹ→µ+µ–  

FCC-hh 
Aʹ→µ+µ–  

CePC FCC-ee 

ILC 

LHeC 
FCCeh 

ee→Aʹγ→µ+µ–γ  
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Fig. 8.18: Exclusion limits for ALPs coupled to photons. All curves correspond to 90% CL
exclusion limits, except for LHeC/FCC-eh (95% CL exclusion limits), FCC-ee (observation of
four signal events) and FCC-hh (observation of 100 signal events). See text for details.

compatible with leptogenesis [523] almost down to the see-saw limit. The sensitivity to Heavy
Neutral Leptons coupled predominantly to the second and third generation is shown in Figs. 9.6
and 5.13, respectively.

8.7 Summary and conclusions
In recent years, the scene of BSM research has been evolving rapidly, thanks to a wealth of new
experimental data in particle and astroparticle physics. On the theoretical front, less emphasis
has been given to unified frameworks able to deal simultaneously with many key questions in
particle physics, and more attention has been given to models that address individual shortcom-
ings of the SM or simply single unexplained facts. This has created a more fragmented land-
scape of research activity, where there is no single dominating trend, but multiple approaches
pursuing different directions. The need to look for new theoretical paradigms is making today’s
research in particle physics very exciting, rich with opportunities for alternative and revolu-
tionary ideas. In this situation, more than ever, an intense and diversified programme of new
experimental projects is needed to unravel the many mysteries left unresolved by the SM and to
provide clues for progress in theoretical speculations.

The current report reflects broadly the present state of the field. Instead of giving a com-
prehensive account of all BSM model variations and their phenomenological signatures, the
analysis has focused on a representative set of cases that allow for an informative comparison
of the reach of future experimental projects. At the beginning of the ESPP physics activities,
four fundamental questions that would serve as a leitmotif for the BSM studies were identified
and presented to the physics community at the Open Symposium in Granada. This chapter is
concluded with a presentation, in the form of a summary, of those questions and the answers
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LHeC 
FCCeh 

CLIC 

FCC-hh (Z→γa→3γ) FCC-ee comb  
Z, WW, 240 GeV 

Three mass regions:
• ma< 1 GeV à Faser and BD
• 1GeV < ma< 90 GeV à leptons 

colliders at Z pole and HC via Z 
decays 

• ma = 10’s GeV – few TeV at
e+e− and pe colliders

Main produc/on processes at colliders: 
e+e− → (Z) → aγ→γγγ (LC)
DY produc/on with Z → aγ (HC)

Future colliders can also 
search for  ALPs with 

fermion & gluon couplings 
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9.5. AXIONS AND ALPS 157

Fig. 9.6: Current limits and expected sensitivities of proposed accelerator-based experiments for
a scalar particle with a Higgs portal (top figure), a heavy neutral lepton (HLN) with a neutrino
portal (middle figure) and an ALP pseudsoscalar that couples exclusively to photons (bottom
figure). All figures are shown as a function of the mediator’s mass and the relevant parameter
defining the mediator-SM portal mixing. Here the scalar is assumed to decay to SM particles
though its mixing with the Higgs. The neutrino portal example shows the mixing matrix ele-
ment |Uµ |2 plotted against the HLN mass and assumes the latter HLN mixes only with muon
flavoured neutrinos. All plots in this figure are taken from the PBC report [361].

Feebly Interacting Particles at Accelerator-based experiments
Portals allow to identify common grounds to compare many machines/experiments

Heavy Neutrino Portal

Marcela Carena | Energy Fron0er Workshop - Open Ques0ons and New Ideas
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Fig. 8.19: 90% CL exclusion limits for a Heavy Neutral Lepton mixed with the electron neu-
trino. See text for details.

that have emerged from the study.

1. To what extent can we tell whether the Higgs boson is fundamental or composite?
Undoubtedly the Higgs boson is the centrepiece of today’s BSM physics. Its discovery has led to
an unprecedented situation in physics, since no fundamental scalar particles and no fundamental
forces different from gauge forces had ever been observed prior to the Higgs. These facts
are not mere curiosities, but are at the core of the main puzzles confronting particle physics
today. Progress with these issues requires an experimental programme targeted at precision
measurements of Higgs interactions and EW observables. This programme is a clear priority
for the future of particle physics. Higgs precision measurements are especially efficient in
testing strongly-interacting EW breaking sectors (such as in composite Higgs models), theories
for EW breaking in which there are no weak-scale coloured particles associated with the Higgs
(such as Neutral Naturalness), and theories in which the Higgs is mixed with other scalar states.

A central question for the precision programme is the nature of the Higgs boson, i.e.
whether it is a fundamental or composite particle. Theories like SUSY suggest that the Higgs
boson is as fundamental as any other SM particle, while models based on approximate Gold-
stone symmetries suggest that the Higgs has a composite structure, much like the pion in QCD.
As shown in Sect. 8.2, this question can be quantitatively addressed by future colliders, which
can test the ‘size’ of the Higgs up to inverse distances 1/`H ⇠ 10 � 20 TeV, more than four
orders of magnitude below the size of a proton. To put this result in perspective, we define the
degree of compositeness d of a particle with mass m as the ratio between its effective size and
its Compton wavelength lC = 2p h̄/mc (which is a measure of the particle’s quantum nature).
For a proton, which is a fully composite object, one finds dp ⇡ mp/(2pLQCD) ⇡ 1. For a pion,
which is a composite particle but emerges as a Goldstone boson below the QCD scale, one finds
dp ⇡ mp/(2pmr) = 0.03. Future colliders will be able to probe the Higgs degree of compos-

5.5. THE CKM MATRIX ELEMENTS: PROSPECTS 85

Fig. 5.13: Reach of proposed experiments for heavy neutral leptons coupling predominantly to
the tau flavour (from Ref. [361]), while for electron and muon flavours they are given in Figs.
8.19 and 9.6, respectively. For Higgs mixed scalar the reach is given in Fig. 8.17.

5.5 The CKM matrix elements: prospects
Weak charged currents mix quarks of different generations. In the SM, the strengths of the
corresponding transitions are encoded in the unitary Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix [372, 373]. Unitarity, in conjunction with invariance under field redefinitions, implies that
all nine complex elements of the 3 ⇥ 3 CKM matrix are described by four physical parame-
ters. In turn, this implies relations between different CKM elements, such as the closure of the
standard CKM unitarity triangle (which may not hold in the presence of new physics). Over-
constraining the apex of the unitarity triangle from tree- and loop-level quark mixing processes
is therefore a powerful way to probe for virtual new physics effects that may arise from mass
scales above those which can be directly searched for at colliders. In many cases such indirect
probes of new physics will not be limited by either experimental or theoretical systematics at
least in the mid-term, i.e., in the HL-LHC era, and potentially even for any long-term programs
(see Table 5.3 for expected improvements in lattice QCD for a selection of observables).

Figure 5.14 shows the projected short- and mid-term improvements on constraints in
the plane of two unitarity triangle parameters, r̄ and h̄ , using only expected improvements in
LHCb inputs and lattice-QCD calculations, while Table 5.4 gives the expected improvements
by using both LHCb and Belle-II results. The precisions quoted in this table combine statistical
(experimental and/or computational) and theory errors, which are not generally expected to be
Gaussian – hence a careful appraisal of the error budget will become key wherever theoretical
uncertainties contribute heavily. The increased sensitivity will allow for extremely precise tests
of the CKM paradigm. In particular, it will permit the tree-level observables, which provide
the SM benchmarks, to be assessed against those with loop contributions, which are more sus-
ceptible to new physics. In practice, this already very powerful ensemble of constraints will be
further strengthened by complementary measurements from Belle II, particularly in the case of
|Vub| and |Vcb|, where ⇠1% precision is expected. Improvement on the determination of |Vcb|
will also greatly impact the constraints on the CKM matrix elements that follow from the mea-
surement of eK . It is worth noting that the longstanding few-s tension between the exclusive

Complementarity between, lepton colliders, 
Faser/Mathusla /Codexb and Beam Dump 
exp.
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The Mystery of our Asymmetric Universe
Precision Cosmology: 
Abundance of primordial elements, Predic/ons from Big Bang Nucleosynthesis and  CMB
è information on baryon abundance:

What generated the small observed baryon--antibaryon asymmetry ?
Initial condition, or generated during the evolution of the universe?

Baryons, antibaryons and photons equally abundant in the early universe

Starting from a CPT conserving theory, the necessary three Sakharov’s 
conditions for baryogenesis are (Sakharov 1962) 

• Baryon (or Lepton) number violation: if universe starts symmetric 

• C and CP violation: treat baryon/anti-baryon differently (to remove antimatter)
• Out-of-thermal equilibrium: suppress inverse processes 

Possibilities: GUT Baryogenesis, Leptogenesis, EW Baryogenesis and more
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Baryon Number generation at the EW phase transition
• Start with B=L=0 at T>Tc
• In a first order EW phase transi/on, universe tunnels 

from h = 0 to h≠ 0 vacuum via bubble nuclea/on. Higgs off

Higgs 
on

Higgs off

Higgs 
on

Higgs 
on

Higgs off

• Bubbles expand at near speed of light. Processes near the wall highly out of equilibrium ** 
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Baryon Number generation at the EW phase transition
• Start with B=L=0 at T>Tc
• In a first order EW phase transi/on, universe tunnels 

from h = 0 to h≠ 0 vacuum via bubble nuclea/on. 

• Particles flow into the expanding bubble wall and CPV implies that the wall exerts different     
forces on particles and antiparticles creating a chiral asymmetry 

Par<cle	Physics	Near	Bubble	Wall

14

Expanding	bubble	wall	serves	as	the	border	where	the	Higgs	
field	quickly	changes	from	0	to	v.	Par3cles	flow	into	it.	

• Yukawa	interac3on	with	
Higgs	field	flips	chirality.

• 	

h=0h≠0

v	~	c

tLtR

• Assume	CP	viola3on	exists,	
par3cles	interact	with	wall	at	
different	x	(interference).

ȴ � Ŷƚ> � ŶƚĐ> = �(ŶƚZ � ŶƚĐZ) �= Ϭ
<latexit sha1_base64="QfoDXaxrJl2EAXV9GFM18hPL20g="></latexit>

ʍƚ>�ƚZ �= ʍƚĐ>�ƚĐZ
<latexit sha1_base64="9+a/Cffy85+Rj9Aqdw5I1NgER3Y="></latexit>

• First	generates	a	chiral	
charge	asymmetry
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• First	generates	a	chiral	
charge	asymmetry

• Outside the bubble, EW sphalerons allow a frac/on “f” of the chiral asymmetry in quarks 
to be shared with leptons è Sphalerons violate B+L, but conserve B-L ; Asymmetry in 
right-handed fields not touched by sphalerons

The	generated	chiral	charge	asymmetry,	in	par3cular,																	,	
distributes	around	the	bubble	wall.

From	Chiral	to	Baryon	Asymmetry

15

Ŷƚ> � ŶƚĐ>
<latexit sha1_base64="rXXVyw8UGMWKVTHRSvJ8rveBFyw="></latexit>

Outside	the	bubble	(v=0),	EW	sphalerons	allow	a	frac3on	(f)	of	
the	chiral	asymmetry	in	quarks	to	be	shared	with	leptons.

Asymmetry	in	right-handed	fields	is	not	touched	by	sphalerons.

A	net	baryon	asymmetry	will	be	generated	this	way

Ŷ� � Ŷ�̄ �
�
ŶƚZ � ŶƚĐZ

�
+ (ϭ � Ĩ)

�
Ŷƚ> � ŶƚĐ>

�
= Ĩȴ

<latexit sha1_base64="o3XJdLm0QRtMGZ2LRUydWy/ER8w="></latexit>

Worth	men3oning	that	equal	amount	of	asymmetry	is	stored	in	
the	lepton	number	(sphalerons	conserve	B-L).

A net baryon asymmetry 
is generated this way 

Marcela Carena | Energy Fron0er Workshop - Open Ques0ons and New Ideas28 30



Baryon Number Violation at Finite Temperature

• Sphaleron rate at high T are highly unsuppressed                       (in equilibrium) 

• At finite temperature, instead, Boltzman suppressed

For a short period, EW sphalerons work to generate the desired baryon asymmetry; 
Then need to shut off quickly to prevent washout.

Baryon Asymmetry Preservation
if  nB = 0  at T > Tc, independently of the source of baryon asymmetry

To preserve the baryon asymmetry 
demands a Strong First Order EWPT

If ΓΔB ≠ 0 ≲ H ~ T2/ MPl B processes frozen ∕

<<1 è v(Tc) /Tc ~ 1

Transition does not occur at Tc, but rather at Tn (bubble nucleation temp.) [Tn < Tc] 
èactually transition from false vacuum to real one requires Sbounce/Tn ~ 140
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EW Baryogenesis demands new Physics/ New Scalars
• EW Baryogenesis fails in the Standard Model:

- Higgs boson too heavy è crossover rather than strong first order EWPT
- not sufficient CPV to generate required Baryon asymmetry
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EW Baryogenesis demands new Physics/ New Scalars
• Simplest case: enhancing EWPT through Singlet extensions

• With Explicit Z2 breaking
• Z2-symmetry unbroken (at T=0)
• Spontaneously broken Z2

+

è Different thermal histories, with 1 or 2 step phase transi/ons and strong first order EWPT
- Important to check nuclea/on calcula/on -

è Rich phenomenology at Colliders: Higgs precision, Higgs trilinear coupling, double Higgs  
produc/on, direct new scalar searches, possible effects of CPV126 CHAPTER 8. BEYOND THE STANDARD MODEL
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters
compatible with a strong first-order EW phase transition.

poses, Fig. 8.11 shows an example of the region compatible with a two-step phase transition,
where the singlet supports the Higgs in delivering a strong first-order phase transition [463].
Strongly first-order phase transitions are particularly interesting as they could also lead to size-
able gravitational wave signals at future experiments like LISA, linking discoveries at Earth-
based colliders with space interferometry (see Chapter 7). The case of a light singlet scalar,
with mass lower than 125 GeV, is discussed extensively in the section on feebly interacting
particles 8.6.
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Fig. 8.12: Direct and indirect sensitivity at 95% CL to heavy neutral scalars in minimal SUSY.

Another common extension of the SM Higgs sector is the addition of a second SU(2)
doublet, which naturally appears in supersymmetric extensions of the Higgs sector or in models
with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two
CP-even scalars h and H, one CP-odd scalar A and a charged scalar H±. The direct mass reach
of lepton colliders for these scalars is generally close to

p
s/2 independent of tanb , mainly

λHS = λm/2Case with Z2-symmetry preserved
No H-S mixing: S stable
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Region with strong first order two step 
phase transi/on [(0,0)à(0,vS)—>(v,0)],
relevant for EWBG scenario can be probed 
by the full FCC or CLIC programmes

VBF ppàSSjj
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EW Baryogenesis demands new Physics/ New Scalars
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Spontaneously Broken Z2-symmetry 

Higgs exoFc decay

s

Higgs Trilinears

M.C, Z. Liu, Y. Wang, ‘19

[In connec/on with a dark gauge symmetry, 
spontaneously broken by a dark Higgs vev.] 
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

H à SS à 4j 

Other scenarios, with Z2 explicit breaking or 
in singlet SUSY extensions also provide 
interes/ng frameworks for EWBG @colliders

M.C, Z. Liu, Y. Wang, ‘19
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Thoughts/Questions
• WIMPS are still an excellent solution to the DM puzzle. The HL-LHC and next generation 

colliders (especially full FCC) have great potential in exploring WIMPs in uncharted 
territories. 

- How to exploit further the complementarity between collider and  DD/ID experiments    
so that the latter inform/guide accelerator-based searches and vice-versa?

• New ideas/techniques and new experiments are rapidly evolving in searching for DM 
mediators, FIP’s and LLP’s at collider-based and accelerator-based exp., with important
complementari/es in the explora/on of coupling strengths and masses.

- How to coordinate those efforts in a compelling manner to maximized the extracted 
physical informa/on?

• A new Forward Physics Facility (near the ATLAS IP) is being proposed, that will house a suite 
of exp. with new capabili/es for Long Lived Par/cles, Neutrinos, Dark Sectors &QCD.

• An EOI for a Forward Mul/par/cle Spectrometer is being reviewed by CMS
- Discussion of these opportuni/es and their level of maturity seems appropriate
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Thoughts/Questions

Studies are advancing towards es/ma/ng a Muon Collider Higgs/BSM physics poten/al.

How can we bewer expand/scru/nize the ESG/PPG community studies for BSM reach at
future lepton, ep and hadron colliders, with focus on their /me scales and complementary 
physics gain?

Higgs physics exploration, through precision and direct searches of New Scalars opens 
opportunities to test models for EW Baryogenesis.  It is exciting that many prospective 
future colliders (FCC, CLIC, ILC, CEPC) can put these ideas under strong scrutiny. 

- How CP violation and flavor physics are best explored at the Energy Frontier? 

If SUSY is a viable BSM theory, the Higgs mass value points towards gluino/stops masses in 
the few to tens of TEV region, at FCC-hh reach.

The possible Higgs degree of compositeness will be tested at the per mill level at full CLIC, 
FCC and ILC 

- How can we better utilize that info to guide our BSM research?
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Thank You !

35


